). However, the accelerated deadenylation regardless of the position mechanism of NMD and how it gives rise to a polar of the nonsense codon. We also show that 5 nonsense effect is not well understood. codons trigger faster rates of decapping than 3 nonOne hypothesis to explain the polar effect of NMD is sense codons, thereby providing a mechanistic basis the "leaky-surveillance" model. In this model, the further for the polar effect of NMD. Finally, we construct a away from the 5Ј end a nonsense codon resides, the computational model that accurately describes the less likely such transcripts would be recognized by the process of NMD and serves as an explanatory and NMD system in an initial distinction that occurs early in predictive tool.
lance model could not explain the process of NMD or the polar effect. Instead, our computational analysis suggested that transcripts with nonsense codons at different positions are all effectively distinguished from the normal mRNA, but are then degraded at different position-dependent rates. Subsequent analysis of the PGK1 mRNAs with nonsense codons at four different positions provided several observations that supported this prediction. First, the entire observable population of nonsense-containing transcripts is recognized as aberrant. Second, the rate of decapping is accelerated in a position-dependent manner, although the dependence of decapping on deadenylation is removed at all positions. This provides a mechanistic explanation for the polar effect. Third, the experiments revealed that NMD leads to accelerated deadenylation, which is another property of NMD. Based on these observations, we constructed a computational model that accurately describes the process of NMD, provides explanations for observations in the literature, and serves as a predictive tool for future work.
Results

Measurement of Changes in mRNA Decay Rates and Steady-State Levels in Response to Nonsense Codons
In order to evaluate the fitness of computational modeling with the in vivo mRNA decay network, we first gathered a set of experimental data on the changes caused by nonsense codons in mRNA decay rates and steadystate levels. Although some of this information is present in the literature, we repeated these experiments in our strains so that all experiments would be directly comparable. We utilized the mRNA encoded by the PGK1 gene for two reasons. First, the behavior of the wild-type PGK1 mRNA has been extensively analyzed and mathematically simulated (Cao and Parker, 2001 ). This provides a critical starting point for computational modeling on NMD. Second, this transcript responds to nonsense codons with a polarity effect wherein more 3Ј nonsense codons elicit less of a NMD effect than earlier codons (Peltz et al., 1993) . In these initial experiments, we determined the steady-state mRNA levels and decay rates for a set of nonsense codons located at codon 22, 142, 225, and 319 in a wild-type strain and in an upf1⌬ strain.
Our results generally agree with previously published work (Peltz et al., 1993) . Specifically, we observed that nonsense codons in the PGK1 mRNA reduce steady- mRNA levels ( Figures 1A-1C ), whereas prior work had chase wherein a regulatable promoter is used to rapidly turn a gene on, followed by rapid transcriptional represconcluded that a nonsense codon at this position was resistant to NMD (Peltz et al., 1993 Figure 2 and has two key features as scripts are partitioned into normal or aberrant pools in compared to the normal mRNA decay network. First, an initial and single distinction. Transcripts recognized there is a branch for deadenylation-independent decapas aberrant undergo rapid deadenylation-independent ping once the mRNA enters the cytoplasm. Second, degradation and only constitute a small percentage of at this bifurcation we introduced a probability factor, the total mRNA population at steady state. In contrast, referred to as the surveillance efficiency. Surveillance mRNAs that escape NMD are recognized as normal and efficiency represents the probability that a transcript is now undergo normal mRNA turnover. Because normal recognized as aberrant. For example, when the surveilmRNA decay is much slower than NMD, the pool of lance efficiency is at 0%, it represents that all mRNAs transcripts perceived as normal dominates the steadyare considered normal; when the efficiency is at 100%, state mRNA pool and therefore long decay rates are it represents that all mRNAs are recognized as aberrant predicted from steady state. and undergo deadenylation-independent decay. We inBy exploring a range of possible mechanisms in comtroduced this term because earlier work had demonputational modeling (analysis not shown), we developed strated that recognition of the mRNA as aberrant by a different hypothesis for NMD referred to as the PIES NMD and the actual rate of deadenylation-independent model (position independent efficient surveillance). In decapping are separable events (Muhlrad and Parker, this model, nonsense-containing transcripts are effi-1999). Keeping the same rate constants we previously ciently recognized as aberrant, and the polar effect is determined for the PGK1 mRNA, we examined the becaused by different rates of NMD-stimulated decay. The havior of the system with different surveillance efficiencmodeling result for this hypothesis is shown at Table 1 . ies and a range of values for the rate of deadenylationWe found that when we uniformly set the surveillance independent decapping (k DID ).
efficiency at 98%-100% and assigned different k DID rates We first examined the behavior of the leaky-surveilto different nonsense codon positions, we were able lance model with different surveillance efficiencies at a to simulate the behavior of the PGK1 transcripts with specific rate of deadenylation-independent decapping nonsense codons at all four positions (Table 1) . This ( Figure 1E ). We started with a k DID of 0.01 s Ϫ1 because suggested that the polar effect might be caused by this fits the half-life of PGK1C22 (0.8Ј) closely, which different rates of NMD stimulated decay following effecpresumably represents the extreme case where almost tive recognition of all aberrant transcripts. no transcripts enter the normal decay pool. We observed that the computed results fit well with experimental observations for PGK1C22 when we set the surveillance Experimental Analysis of NMD Supports the PIES Model efficiency at 99%-100% (compare Figures 1D and 1E) . However, if the surveillance efficiency is 98% or lower, In order to test the predictions of the PIES model and gain insight into how different positions of nonsense we found there are several manners in which this leakysurveillance model does not fit with the existing data.
codons actually affect the process of NMD, we examined the metabolism of the PGK1 transcripts containing The biggest discrepancy is that the predicted change on transcript abundance does not correlate with the nonsense codons at different positions in a transcriptional pulse-chase analysis. In this experiment, we utilize predicted change on transcript stability. For example, when the surveillance efficiency is set at 70%, the the GAL1 UAS to rapidly induce, and then quickly repress, transcription of the gene, thereby producing a steady-state level is predicted to drop by 5-fold ( Figure  1E ), which is quite similar to the observed steady-state "pulse" of transcripts whose decay can be monitored during an ensuing "chase". The results are shown in level for PGK1C319 ( Figure 1D ). However, the predicted half-life is only slightly altered (20 min compared to 27 Figure 3 and the significant observations detailed below. First, we do not observe a substantial pool of tranmin for normal PGK1, see Figure 1E ), while we actually observe a 5-fold decrease on half-life for PGK1C319 scripts that deadenylate and decap at the rates of the normal PGK1 mRNA. This is true even for the most distal ( Figure 1D ). We explored varying the surveillance efficiency under a wide range of different k DID values, and nonsense codon (PGK1C319), where by 11 min the entire population of transcripts is either deadenylated or dein no case were we able to reproduce the experimental observations (data not shown). The leaky-surveillance graded ( Figure 3D ). In contrast, for the normal PGK1 mRNA the entire population is only partially deadenymodel is also inconsistent with experimental data in that it predicts "biphasic" decay in a transcriptional pulselated at 12 min ( Figure 3E ). Even on extremely long The actual observed experimental results are shown in the last column for comparison. The modeling results with surveillance efficiency at 98-100% fits well with experimental observations for PGK1C22, PGK1C142, PGK1C225, and PGK1C319, respectively. When the surveillance efficiency decreases to Ͻ98%, the simulated half-life is greater than actually observed.
transcript (Muhlrad et al., 1995) . The observation that sult is not due to a strain difference between the dcp1-2 and the wild-type strains because PGK1 transcripts with mRNA fragments produced by decapping and 5Ј to 3Ј decay are adenylated demonstrates that the decapping four different positions of nonsense codon in a dcp1-2 strain at 24ЊC behave similarly as they are in the wildoccurs prior to, or in conjunction with, deadenylation for the populations of transcripts. This indicates that type strain (data not shown). This indicates that deadenylation-independent decapping and deadenylation decapping is uncoupled from deadenylation for all the positions of the nonsense codons.
are occurring on the same pool of transcripts. Moreover, when decapping is partially inhibited by dcp1-2 mutation, which is estimated to cause a 10-fold decrease in Nonsense-Containing Transcripts Undergo Deadenylation at the Same Time decapping rate, the PGK1C22 behaves quite similar to
PGK1C225 in wild-type cells (compare Figure 4 and Figof Undergoing Decapping
We also observed that as the nonsense codons moves ure 3C). This suggests that one difference between PGK1C225 and PGK1C22 is at the rate of decapping further down to the 3Ј end we observe both slower decay (consistent with steady-state half-lives measurements), (see Discussion). and an increased extent of deadenylation ( Figures 3A-3D ). Specifically, for PGK1C22 and C142 we observe Nonsense-Containing Transcripts Undergo Accelerated Deadenylation very little deadenylation of the full-length mRNA during loss of the transcript levels; for PGK1C225, we observe Another important observation from these experiments is that the nonsense-containing PGK1 mRNAs undergo substantial deadenylation during decay; and for PGK1C319, we observe complete deadenylation and accelerated deadenylation as compared to normal PGK1. Specifically, normal PGK1 deadenylates relacontinued decay from a deadenylated pool. This indicates that the population of nonsense-containing mRNAs undertively homogenously and it takes 20-30 min for the population to reach an oligo(A) length ( Figure 3E ). However, goes deadenylation at the same time of being subject to deadenylation-independent decapping. nonsense-containing PGK1 mRNAs where deadenylation can be observed (PGK1C225 and PGK1C319) deadFor PGK1C22, the transcripts decay rapidly before substantial deadenylation is observed ( Figure 3A) . We enylate in a heterogeneous manner with a percentage of the population being fully deadenylated by 5 min hypothesized that these transcripts are also subject to deadenylation, but the rate of competing deadenylation-( Figures 3C and 3D ). Measuring the bottom of the distribution of poly(A) tail lengths in each case indicates that independent decapping is fast enough that the transcripts simply decap and disappear before deadenylathe fastest deadenylating transcripts for wild-type PGK1 deadenylate at 2-4 residues per minute, while the fastest tion can occur. If this is true, then decreasing the rate of decapping should allow us to observe deadenylation nonsense-containing transcripts deadenylate with an increased rate of approximately 8-10 residues per minute. on these mRNAs. To test this possibility, we examined the turnover of PGK1C22 in a dcp1-2 strain, which is A similar rate of deadenylation is observed for PGK1C22 when decapping is partially inhibited (Figure 4 ) and/or a temperature-sensitive mutation in a subunit of the decapping enzyme. This allele is fully functional at 24ЊC, when 5Ј to 3Ј exonuclease is impaired (Muhlrad and Parker, 1994) . partially functional at 30ЊC, and inactive at 37ЊC (Tharun and Parker, 1999). We performed a transcriptional pulseAdditional evidence that these mRNAs undergo accelerated deadenylation comes from the analysis of decay chase experiment for PGK1C22 in dcp1-2 strain at 30ЊC. We observed that when decapping is partially inhibited in a dcp2⌬ strain, which is lacking the decapping enzyme (Dunckley and Parker, 1999). The advantage of the mRNA underwent deadenylation (Figure 4) . This re- this experiment is that the competing decapping reacenylation 2 to 3 times faster than normal PGK1 transcripts. We also observed that dcp2⌬ strains show tion can be completely blocked and deadenylation rates for all the different positions of the nonsense codons slightly slower rates of deadenylation when compared to wild-type strains for both normal and nonsense-concan be examined following transcriptional repression. In addition, we performed this experiment from steadytaining transcripts (data not shown). However, because we observed faster deadenylation by both experimental state populations and measured the decline in size of the longest poly(A) tails. This provides a different assay methodologies, we conclude that nonsense-containing PGK1 mRNAs undergo accelerated deadenylation. for the rate of deadenylation by observing a different segment of the population. We observed that accelerInterestingly, we observed that the half-life of nonsense-containing PGK1 transcripts in the dcp2⌬ strain ated rates of deadenylation are observed for all positions of the nonsense codons ( Figure 5B) , with a rate of deadwere all approximately 20 min, suggesting that the 3Ј to 5Ј decay rate is the quite similar for all nonsense codon positions. Because deadenylation for nonsense-containing PGK1 is already accelerated compared to normal PGK1, we use computational modeling to accurately calculate the rate of 3Ј to 5Ј decay incorporating the observed difference in the rate of deadenylation. We found the 3Ј to 5Ј decay for nonsense-containing PGK1 is, at most, accelerated 2-fold compared to the normal PGK1 transcript (see Table 2 ). Comparison of the rates show that 3Ј to 5Ј decay for nonsense-containing PGK1 is only a minor pathway relative to 5Ј to 3Ј decay, even for a mRNA with a nonsense codon located in the 3Ј portion of the coding region.
The Accelerated Deadenylation Alternatively, the faster deadenylation could be due to the failure to translate some PGK1 stability elements refer to this model as the PIES model (position independent efficient surveillance). This model has the following that slow deadenylation and is not directly related to key features (shown in Figure 6 ). First, the transcripts the process of mRNA surveillance. If the faster deadenyundergo a distinction phase where nonsense-containing lation is caused by recognition of the mRNA as aberrant, and normal mRNAs are distinguished from each other. then the increased rate of deadenylation should be deIn principle, this distinction could be partial or absolute. pendent on the Upf proteins, since they are required Because our current data suggested that all the yeast for the recognition of nonsense-containing mRNAs as PGK1 mRNA molecules behaved as aberrant, even when aberrant.
the nonsense codon was quite 3Ј end, we initially set To test this possibility, we determined whether or not this distinction as operating at 100%. Second, the model the accelerated deadenylation of nonsense-containing incorporates the fact that nonsense-containing tran-PGK1 transcripts was dependent on Upf1p in a transcripts show several differences from normal mRNAs scriptional pulse-chase experiment. We observed that including accelerated deadenylation, loss of the ability the deadenylation rate of PGK1 transcripts in an upf1⌬ of the poly(A) tail to inhibit decapping, and the accelerastrain was about 2-4 A per minute, regardless of the tion of decapping rate. Finally, we included that nonposition of the nonsense codon (Figures 3AЈ-3DЈ ). This sense-containing transcripts can be subjected to accelrate of deadenylation is quite close to the deadenylation erated decapping and deadenylation at the same time. rate of normal PGK1 ( Figure 3EЈ) . Moreover, in a In this model, since deadenylation and decapping are dcp1⌬upf1⌬ double mutant, the deadenylation of uncoupled, we assumed that the decapping rate (k DID ) PGK1C22 is slowed down to the same rate as normal is unchanged after deadenylation. PGK1, compared to the fast deadenylation rate of Based on experimental data presented in Figures 3, PGK1C22 in dcp1⌬ alone (data not shown). These re-4, and 5, we were able to obtain the rates for deadenylasults indicate that recognition of an mRNA as aberrant tion and 3Ј to 5Ј decay of nonsense-containing PGK1 by the Upf proteins leads to accelerated deadenylation. transcripts (see Table 2 ). The rates of deadenylationTherefore, recognition of a premature translation termiindependent decapping (k DID ) for different nonsense conation codon leads to both accelerated deadenylation don positions were obtained by finding values of this and deadenylation-independent decapping. constant that accurately reproduce the poly(A) tail dyWe also observed in this experiment that the decay namics during the course of transcriptional pulse-chase. of the PGK1C22 mRNA following deadenylation was The rates obtained in this manner for each nonsense substantially faster than the normal PGK1 in an upf1⌬ codon position are shown in Table 2 . Using this model strain (compare Figure 3AЈ and 3EЈ) . This is consistent and these rates, the results predicted by the PIES model with a translation-dependent stabilizer element in the agree quite well with the experimental observations for 45%-50% of PGK1 coding region that inhibits mRNA PGK1C22, PGK1C142, PGK1C225, and PGK1C319 (Tadecapping (Ruiz-Echevarria et al., 2001). Consistent with ble 2). For example, one prediction of the PIES model an accelerated rate of decapping, we found that the is that the steady-state poly(A) distribution should vary steady-state level of PGK1C22 is only restored to about as a function of the position of the nonsense codon, 41% of normal PGK1 level in an upf1⌬ strain (Figwith oped by analyzing the PGK1 mRNA is generally applicawith this prediction, we observed that as the nonsense codon is moved down in the HIS4 coding region, the ble. In address this issue, we examined the consequence of nonsense codons in several different corresponding transcripts show a broader distribution of poly(A) tail lengths ( Figure 7B ). These results argue positions within the HIS4 mRNA, which is also known to show a polar effect of NMD (Leeds et al., 1991;  Hagan that the PIES model is broadly applicable in yeast and presumably some other eukaryotes as well (see Discuset al., 1995). We created a series of nonsense codons at 15%(C120), 30%(C240), 50%(C398), 70% (C560), and sion). In the course of this analysis we observed that the HIS4 mRNAs has two different 3Ј ends differing by 90% (C719) and verified they showed a polar effect on the steady-state levels of the HIS4 mRNA ( Figure 7B) Figures 3C-3D ). We cannot guished. This latter conclusion is supported by our computational modeling, which indicates that even trace amount of transcripts (Ͼ2%) escaping surveillance will Discussion disrupt the correlation between steady-state level change and half-life change. This high efficiency of surNonsense-Containing mRNAs Show Multiple veillance could be achieved either by a stringent assessAlterations in mRNA Metabolism ment during the first round of translation, or by nonSeveral observations now indicate that when yeast sense-containing transcripts being recognized during mRNAs are recognized as "nonsense containing" there every round of translation at a reasonable efficiency are multiple changes in the metabolism of those mRNAs. such that after a few rounds of translation the overall First, regardless of the position of the nonsense codon, efficiency is extremely high. the dependence of decapping on deadenylation is removed (Muhlrad and Parker, 1994; Figure 3) . Second, the rate of decapping is also accelerated in a positionPolarity of NMD Is Due To Position-Dependent Rates of Decapping dependent manner. Specifically, the closer to the 5Ј end a nonsense codon is, the more the decapping rate is Several observations demonstrate that the polarity effect of nonsense codons is due to position-dependent increased ( Figure 3 and Table 2 ). Third, the deadenylation rate is accelerated (Figures 3, 4, and 5 ). In addition, effects on the rate of decapping. First, results from transcriptional pulse-chase analyses indicate that the polar nonsense-containing mRNAs have been shown to reduce translation efficiencies (Muhlrad and Parker. 1999).
effect is due to position-dependent rates of decay following recognition by NMD instead of different surveilMoreover, because these changes are all dependent on Upf1p, it argues that Upf1p function leads to a critical lance efficiencies (Figure 3) . Second, direct measurement of deadenylation rates at different nonsense codon difference in mRNP organization.
An unresolved issue is the transition in mRNP organipositions indicates that all positions show similar rates of deadenylation (Figures 3, 4, and 5) . Third, the halfzation promoted by the Upf proteins. One possibility is that the Upf proteins lead to a diversity of mRNP lives of PGK1 mRNAs with different positions of nonsense codon are all approximately 20 min in a dcp2⌬ changes that leads to the differences in mRNA function strain, arguing that the rate of deadenylation and 3Ј to not able to initiate translation initiation undergo deadenylation at a rate similar to the nonsense-containing 5Ј is similar for all nonsense codon positions. Fourth, the rate of 5Ј to 3Ј exonuclease decay is fast and is PGK1 transcripts (Muhlrad et al., 1995) . However, regardless of the mechanism, an important implication of the unlikely to be a rate-limiting step (Muhlrad and Parker, 1994) . Fifth, when the decapping rate is decreased by Upf1p-dependent accelerated deadenylation without immediate decapping, is that recognition of an mRNA the dcp1-2 lesion, the PGK1C22 transcript behaves very similar to PGK1C225 (Figure 4 and data not shown) . This as nonsense containing by the Upf proteins is necessary, but not sufficient, for decapping of the transcript. suggests that PGK1C22 has a faster decapping rate than PGK1C225. Taken . Given sequence elements within the coding region, which this, we predict that NMD in mammals will be similar in when translated over, lead to decreased rates of decapmechanism but with a less absolute distinction at the ping, even in the presence of Upf1p action. Since the early partitioning phase. However, the NMD for the TCRpolar effect of nonsense codons is seen with many ␤ transcripts in mammals is likely to be highly efficient, mRNAs, such elements would need to be quite ubiquibecause it shows a similar polar effect as the yeast tous. An alternative explanation is that the effect on PGK1 transcripts examined here (Wang et al., 2002 ). decapping could be related to the distance from the Two sets of observations suggest that the PIES model nonsense codon, either to the translational start codon, will be generally applicable in multiple eukaryotes. First, and/or to the 3Ј end of the mRNA. examination of the yeast HIS4 mRNA indicates that different nonsense codon positions in this mRNA give results consistent with the predictions of the PIES model.
NMD and the Acceleration of Deadenylation An unresolved issue is the mechanistic explanation for
In addition, our model also provides a mechanistic explanation for the observation of alcohol dehydrogenase accelerated Upf1p dependent deadenylation of nonsense-containing PGK1 transcripts. Although this acceltranscript of Drosophila with different positions of nonsense codon, in which more 5Ј nonsense codons lead eration could be due to activation of a novel deadenylase, we have shown that NMD-triggered deadenylation to lower abundance and longer poly(A) tails at steady state than mRNAs with 3Ј nonsense codons (Brogna, requires the Ccr4p deadenylase (data not shown), which is the predominant deadenylase in yeast (Tucker et al., 1999) . This behavior is predicted by the PIES model and suggests that this model of NMD might also, at a 2001). There are two general possibilities for how nonsense codons could activate Ccr4p function. First, it minimum, be applicable to Drosophila melanogaster. Surprisingly, this work in Drosophila also found noncould be the recognition of the mRNA as aberrant leads to Upf1p function and an alteration in the mRNP that sense-codon dependent alterations in the poly(A) tail length on pre-mRNAs, which suggests there are addiincreases access to both decapping enzyme and the Ccr4p deadenylase. An alternative possibility is that all tional features to this process that are not yet understood. mRNAs are initially produced in a form where they are a substrate for rapid deadenylation. In this view, a sucOur modeling also indicates that mRNA with nonsense codons at different positions should be expected to cessful round of translation, as defined by reaching the normal translation termination codon, is required for a respond differently to trans-acting mutations that affect individual steps in NMD. This is a consequence of having transition in mRNP organization that allows the mRNA to undergo slow deadenylation. If translation never termidifferent steps in the overall decay process being the slowest step for different nonsense codon positions. nates properly, the normal mRNP transition is prevented and the mRNP exists in a form subject to enhanced For example, the observed decay rate of the PGK1C22 mRNA is limited by the rate of mRNA transport in the deadenylation. Interestingly, this latter possibility is consistent with the observations that PGK1 mRNAs that are diagram shown in Figure 6B , and therefore is only af- leu2, lys2, his4, trpl, ura3) , yRP1340 (MAT␣, dcp1-2::TRP1, his4, Acknowledgments leu2, lys2, trp1, ura3), yRP1358 (MAT␣, his4, leu2, lys2, trp1, ura3, dcp2::TRP1), yRP1200 (MAT␣, his4, leu2, trp1, ura3, dcp1::URA3),
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